Abstract| This paper addresses the control problem of hydraulic robot manipulators. The backstepping design methodology is adopted to develop a novel nonlinear position tracking controller. The tracking errors are shown to be exponentially stable under the proposed control law. The controller is further augmented with adaptation laws to compensate for parametric uncertainties in the system dynamics. Acceleration feedback i s a voided by using two new adaptive and robust sliding type observers. The adaptive controllers are proven to be asymptotically stable via Lyapunov analysis. Simulation and experimental results performed with a hydraulic Stewart platform demonstrate the e ectiveness of the approach.
I. Introduction H Y draulic robots and machinery are widely used in the construction and mining industries, as well as in motion simulators. They have rapid responses and high power-to-weight ratios suitable for many applications. High performance controllers can have a signi cant impact on the e ectiveness of hydraulic robots. Furthermore, the potential complexity of such controllers is becoming less and less of an implementation issue due to the inexpensive and powerful processors available today for real-time control.
In general, the control of hydraulic manipulators is more challenging than that of their electrical counterparts. It might seem that a potentially e ective w ay of increasing the performance of hydraulic robots is to consider control methods that neglect actuator dynamics but incorporate the manipulator rigid body dynamics, such as computed torque 1 , passivity-based 2 , 3 , 4 , adaptive 2 , 5 and robust 6 , 7 , 8 control methods. However, this is not the case in general. Unlike their electrical counterparts that resemble force sources, hydraulic actuators resemble velocity sources. They also exhibit signi cant nonlinear characteristics. Therefore, the above control methods cannot be applied e ectively to hydraulic manipulators as hydraulic actuators cannot accurately apply forces or torques over a signi cant dynamic range.
Actuator dynamic models have been successfully incorporated in the controller design for rigid link electrically driven RLED robots to improve position tracking performance. The complete dynamics of the manipulators, including their actuators, are third order nonlinear di erential equations. 9 used feedback linearization to linearize and decouple these dynamics. 10 developed an adaptive controller for RLED manipulators that does not require acceleration feedback. 11 and 12 and other papers also
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While actuator dynamics are generally linear in RLED robots and can be ignored in many cases due to their fast time constants, they are highly nonlinear and dominant in hydraulic manipulators. Therefore, the incorporation of these dynamics in the design of controllers is of critical importance in hydraulic robots. Research in the area of hydraulic systems has mainly focused on the control of single-rod hydraulic actuators, e.g. see 13 , 14 , 15 . In particular, 13 developed a nonlinear position tracking controller for hydraulic servo-systems following the backstepping approach. There are only a few papers that address the control of robot manipulators driven by h ydraulic actuators. In 16 , the authors established a simpli ed model in a standard form suitable for the application of singular perturbation methods. No experimental or numerical results are presented in this work. A decentralized adaptive controller was proposed to control a hydraulic manipulator in 17 , 18 . The use of pressure feedback in the control of a Stewart type hydraulic manipulator was proposed in 19 . However, these approaches lack stability proofs that are important from both theoretical and implementation points of view. Only recently, simultaneous to this work, 20 proposed a Lyapunov-based adaptive controller for hydraulic robots.
The backstepping design methodology 21 , 22 has become increasingly popular in the control community. F or some recent applications of this method see 23 , 24 . In this paper, backstepping is adopted to develop a novel nonlinear controller for hydraulic manipulators. Both rigid body and actuator dynamics are incorporated into the design. The controller is also extended to compensate for parametric uncertainties in the system dynamics, including hydraulic and rigid body dynamics. Two t ypes of observers are developed to avoid the use of acceleration feedback i n the proposed adaptive control laws. The rst observer is an extension of the passivity-based observers proposed by 3 , to the case in which the system parameters are unknown. The concept of sliding observers 25 is also adopted to develop a robust acceleration observer. The tracking errors are proven to converge to zero asymptotically using Lyapunov analysis. It can be shown that these errors remain bounded in the presence of Coulomb friction in the actuators. The bounds on the tracking errors are adjustable by the controller gains.
The main di erences between this work and the adaptive controller introduced in 20 are the following: i the adaptive controller adaptive observer proposed here uses the same set of estimated rigid body parameters in the observer and controller, as opposed to the use of two distinct sets of parameter estimates and adaptation laws in 20 ; and ii the introduction of an adaptive control method with a robust observer that is simpler to implement because it has reduced computational complexity. The form of the control laws and the observers are di erent from those of 20 .
Position, velocity and hydraulic pressure measurements are required for the implementation of the proposed controllers. Simulation and experimental results for a hydraulic Stewart platform are presented to show the e ectiveness of the approach.
The paper is organized as follows. System dynamics, including rigid body and hydraulic dynamics are presented in Section II. In Section III a nonlinear controller is proposed assuming that the dynamics are known exactly. The adaptive control of hydraulic robots is addressed in Section IV for the cases in which the robot dynamics are subject to parametric uncertainty. In Section V simulation results are presented. The experimental evaluation of the controllers is discussed in Section VI. Finally, conclusions are drawn in Section VII.
II. Manipulator Actuators Dynamics
The dynamics of an n-link robot with rigid links are governed by a second-order nonlinear di erential equation
where q 2 R n is a vector of generalized joint positions and 2 R n is a vector of generalized joint torques. Dq 2 R nn is the manipulator mass matrix, Cq; _ q 2 R nn contains coriolis and centripetal terms and Gq 2 R n represents gravitational e ects. Unlike electrically driven manipulators, hydraulic robots exhibit signi cant nonlinear actuator dynamics. Assuming a three-way v alve con guration, these dynamics can be written in the following form, _ = fq; _ q + gq; ;u 2 where u is the control command vector and f, g are nonlinear functions of q, _ q and . The detailed expressions for f and g are given in Appendix A.
The matrices describing the rigid body dynamics in 1 satisfy the following properties 3 : In this section, the backstepping design methodology 21 is adopted to derive a nonlinear position tracking controller for hydraulic manipulators in the case in which the system parameters are known. Remark: Since the system dynamics are fully known and the states are assumed to be measured, feedback linearization could also be used to derive a stabilizing controller. 9 adopted this approach to develop a controller for electrically driven manipulators in the presence of linear actuator dynamics.
IV. Adaptive Controller
The control law derived in the previous section requires full knowledge of the system parameters. However, the manipulator rigid body dynamics are uncertain and subject to changes, e.g. due to an unknown variable payload. It is also di cult to measure some of the manipulator's parameters. Moreover, the hydraulic parameters are usually unknown and time varying. In this section, the nonlinear controller proposed in Section III is extended to compensate for parametric uncertainties in the system dynamics. To deal with uncertainties in rigid body dynamics, the linear parameterization of manipulator dynamics is used 26 : In the non-adaptive controller, 14 was used to compute joint accelerations from joint positions and velocities and hydraulic pressure measurements. This can not be done if Dq, Cq; _ q and Gq are not known. To deal with this problem, novel adaptive and robust observers are introduced. The following Lemma 27 will be used in the stability proofs. The rst solution is an adaptive controller using an adaptive passivity-based observer. Before stating the result, the following notation must be de ned: _ q r = _ Remark 1: The inequality given in 26.b speci es the boundary of the attraction region that can be enlarged by adjusting the controller gains, i.e. K d and K p . Therefore, the closed loop system is semiglobally asymptotically stable. While the controller is guaranteed to be stable, in practice the parameters should be tuned to achieve the desired performance.
Remark 2: In the above formulation,D,Ĉ andĜ are the estimated dynamical matrices corresponding to. Note that the controller and observer use the same set of estimated parameters which compares favorably to the approach proposed in 20 , in which di erent parameter estimates are employed in the controller and observer.
Remark 3: The use of projection gains , in the adaptation laws guarantees that the estimate of each parameter remains in a prede ned interval a; b . In particular, if 2 i becomes zero the control law u in 21 is unde ned. This can be avoided by using a i 0 for the estimation of i 2 . F urthermore, the parameter estimates can not drift because of the upper and lower bounds on their values. Therefore, parameter adaptation is robust against unmodeled disturbances 27 . the proof is the same as before and will not be presented here.
Note that there are no limitations on the norms of the initial state tracking errors in this approach. However, chattering phenomena, which are inherent in sliding mode systems, can a ect stability. F or example, if high frequency dynamics e.g. valve dynamics are excited, instability could result. The problem could be solved by using a piecewise linear approximation to sgn:.
The E ect of Friction
In the controllers proposed in this paper, friction in the hydraulic actuators has been neglected. It is easy to handle viscous friction since it acts as additional damping in the system. It can also be shown that in the presence of Coulomb friction, the tracking errors do not converge to zero but remain bounded. The error bounds can be reduced by increasing the gains. The proof will be omitted here.
V. Simulation Results
Simulations have been performed to investigate the e ectiveness of the proposed controllers and to obtain guidelines for experimentation. For this purpose, a realistic model of the experimental setup, a hydraulic Stewart-type platform, has been used see Appendices A and B. The system parameters were selected based upon their actual values and are given in Table I .
In the simulations and experiments conducted for this paper, a task-space control strategy has been followed. The advantage of this approach is that the dynamical matrices have simpler forms in these coordinates for parallel manipulators such as the Stewart platform. However, the forward kinematics problem must be solved on-line to convert the measured link positions to robot positions in task-space coordinates. Newton's method was utilized for this purpose. The control algorithms and the robot dynamics were all implemented using the Matlab Simulink TM toolbox. The implementation block diagrams of the controllers are shown in Figures 1a and 1b .
Extensive simulations showed similar performance for both of the proposed adaptive control methods, thus only the results obtained for the controller using the robust observer are presented here. The system parameters were initially set to values di erent from those used in the model to investigate the ability of the controllers to cope with parametric uncertainties. Figure 2 . The pro les of the parameter estimates are given in Figure 3 . The parameter adaptation laws were activated after t = 0 :5 s. Both rigid body and hydraulic parameters converge to their actual values, even though the parameter convergence is not guaranteed in theory. The estimates of I x ; I y reach their boundaries during some periods of the simulation as seen in Figure 3 .
In summary, the controller with the robust observer com- pares favorably to the one with adaptive observer, since it requires fewer computations and performs similarly.
VI. Experimental Results
The proposed control methods were experimentally evaluated using the motion simulator at the University o f British Columbia 28 see Figure 4 . This simulator is driven by six hydraulic cylinders. Each cylinder is capable of exerting forces in excess of 4000 N at 1 m s, and over 8000 N at zero rod speed. The hydraulic actuation system is equipped with Rexroth 4WRDE three-stage proportional valves connected in a three-way con guration. Low friction Te on seals are used in the hydraulic cylinders. The installed sensors measure the actuator lengths, the valve spool positions and the pressures both in the control and supply sides of the cylinders. High bandwidth valves with a bandwidth of around 80Hz have been used in the setup so that the dynamics of the valves may be ignored. The actuator velocities that are required in the control laws are estimated from the measured actuator lengths using xed gain Kalman lters. O -line experiments were performed to identify the initial values of the parameter estimates. The computational setup was a PC running VxWorks TM 5.4 and a Sparc 1e board running VxWorks TM 5.2 see Figure 4 . The Sparc 1e performs the I O and safety monitoring functions and the controller runs on the PC. The controller was implemented using the Matlab Real Time Workshop TM toolbox targeting Tornado TM 2.0. Data between the PC and the VME board are communicated through a custom parallel I O communication protocol. Using this setup a control frequency of 512 Hz was successfully achieved. The same controller block used in the simulation studies was utilized to control the platform. Only the results of the experiments with adaptive controller robust observer are presented here, while similar performance was observed for the other controller. shows the tracking behavior of the nonlinear controller compared with that of a well-tuned P controller in tracking the reference trajectory z d = ,2:34 + 0:05 sin2t m the bias is not shown. The maximum tracking errors are 4 and 43 for the nonlinear and P controller, respectively. The response of the system to a 2Hz reference trajectory was also examined and is presented in Figure 6 . In this case Figure 7 shows the tracking results along the axis where d = 0 :09 sin2t rad with 4 and 41 maximum tracking error for the nonlinear and P controller, respectively. In all of these cases the proposed adaptive nonlinear controller clearly outperforms the well-tuned P controller and exhibits excellent tracking performance. Note that due to the friction in the actuators, tracking errors do not converge to zero but remain bounded as claimed in the paper. During the experiments, the estimated parameters did not converge to xed values, contrary to what was observed in the simulations. Friction is an important factor that introduces tracking errors and prevents the parameters from converging. The proposed controllers may b e interpreted as cascade combinations of passivity-based position controllers and actuator force controllers. The very sti dynamics of hydraulic actuators make the force pressure control loop sensitive t o v elocity estimation errors or velocity measurement noise and pressure measurement noise. This limits the level of the pressure feedback gains and may deteriorate force tracking and subsequently parameter estimation, especially for the hydraulic parameters. Other factors such as insu cient excitation and unmodeled dynamics, e.g. valve and leg dynamics, could also prevent the parameters from converging. Moreover, it should be stressed that the parameter convergence is not even guaranteed in theory, therefore the experimental results do not contradict the theoretical arguments. The adaptation was found to be quite helpful in improving the tracking performance. The projection gains used in the adaptation laws proved e ective in preventing the large parameter swings that can occur especially during startup transients. The step response of the controller along the z axis is also compared with that of the P controller in Figure 8 . As it can be seen, the nonlinear controller exhibits a much faster response with some overshoot.
VII. Conclusions
This paper addresses the control problem for hydraulically driven manipulators. The highly nonlinear dominant actuator dynamics prevents the use of standard robot control methods. In fact, inclusion of actuator dynamics in the design is of critical importance in hydraulic robots. While most of the reported work in the literature consider the control of single-rod hydraulic actuators, this paper proposed novel nonlinear controllers for hydraulic manipulators using backstepping. A realistic model of the system was uti- lized in developing these Lyapunov-based controllers. To deal with parameter uncertainties, the controllers were augmented with adaptation laws. Acceleration feedback w as avoided by proposing adaptive and sliding-type observers. Simulations and experiments were carried out with a hydraulic Stewart platform to investigate the e ectiveness of these approaches. The results demonstrated excellent tracking position tracking behavior and satisfactory transient responses for these new controllers. The dynamics of a typical hydraulic actuator are presented in this Appendix. A three-way v alve con guration is assumed to be used in the actuators, as shown in Figure 9 . For such a con guration, the control pressure dynamics are governed by 29
where V t is the trapped uid volume in the control side, is the e ective bulk modulus, p c is the control pressure acting on the control side, p s is the supply pressure acting on the rod side, q l is the load ow, and c l is the coe cient of total leakage. The load ow, q l , is a nonlinear function of the control pressure and the valve spool position and is given by The Stewart platform is a parallel manipulator widely used in conventional motion simulators. The dynamics of an inverted, ceiling-mounted Stewart platform Figure  10 are presented here 19 .
In task-space coordinates, the dynamics of the platform are governed by:
D+ Cq; _ q _ q + G = JL T 60
where q = x y z T and , and are rollpitch-yaw angles, respectively. F urthermore, J is the manipulator Jacobian matrix and L is de ned as L = I 33 0 0 T 61 and R is a rotation matrix giving the coordinates of the platform-attached basis vectors in a base frame. Note that 60 is not exactly as 1. However, since J is a function of platform position and is known, the controllers can be easily modi ed to be used in this case. Moreover, the rigid body dynamics may be written in so-called linear in parameters form.
D+ Cq; _ q _ q + G = Y 64 q; _ q; q 69 where = M p I x I y I z T is the vector of unknown parameters. The detailed expressions of the elements of Y are long and fairly straightforward and will not be presented here.
